Using newly developed time-dependent-quantum-transport/classical-micromagnetics framework, we investigate interaction between conduction electrons and a single spin wave (SW) coherently excited within a metallic ferromagnetic nanowire. The classical micromagnetics describes SW as a collection of localized magnetic moments whose vectors of fixed length precess with harmonic variation in the phase of precession of adjacent moments around the local magnetization direction. Conversely, electrons interacting with SW are described quantum-mechanically using time-dependent nonequilibrium Green functions. When the nanowire hosting SW is attached to two normal metal (NM) leads, even in the absence of any external dc bias voltage between them the SW pumps chiral electronic charge and spin currents into the leads-they scale linearly with the frequency of the precession and their direction is tied to the direction of wave propagation. This is in contrast to standard pumping of identical spin currents in both directions, and no charge current, by the uniform precession mode. Upon applying dc bias voltage to inject spin-polarized charge current from the left NM lead, electrons interact with SW where we quantify outflowing charge and spin current into the right NM lead due to both scattering off time-dependent potential generated by the SW and superposition with the currents pumped by the SW itself. Finally, we use Lorentzian voltage pulse to excite the so-called "leviton" out of the Fermi sea, which carries two electron charges with no accompanying electron-hole pairs. The scattering of such soliton-like quasiparticle from the SW results in the change of its width and the corresponding charge and spin it carries.
Using newly developed time-dependent-quantum-transport/classical-micromagnetics framework, we investigate interaction between conduction electrons and a single spin wave (SW) coherently excited within a metallic ferromagnetic nanowire. The classical micromagnetics describes SW as a collection of localized magnetic moments whose vectors of fixed length precess with harmonic variation in the phase of precession of adjacent moments around the local magnetization direction. Conversely, electrons interacting with SW are described quantum-mechanically using time-dependent nonequilibrium Green functions. When the nanowire hosting SW is attached to two normal metal (NM) leads, even in the absence of any external dc bias voltage between them the SW pumps chiral electronic charge and spin currents into the leads-they scale linearly with the frequency of the precession and their direction is tied to the direction of wave propagation. This is in contrast to standard pumping of identical spin currents in both directions, and no charge current, by the uniform precession mode. Upon applying dc bias voltage to inject spin-polarized charge current from the left NM lead, electrons interact with SW where we quantify outflowing charge and spin current into the right NM lead due to both scattering off time-dependent potential generated by the SW and superposition with the currents pumped by the SW itself. Finally, we use Lorentzian voltage pulse to excite the so-called "leviton" out of the Fermi sea, which carries two electron charges with no accompanying electron-hole pairs. The scattering of such soliton-like quasiparticle from the SW results in the change of its width and the corresponding charge and spin it carries.
The interaction of electrons with spin excitationssuch as single-particle Stoner excitations or collective spin wave (SW) excitations-plays a fundamental role in equilibrium properties of bulk ferromagnetic metals (FM) since it can renormalize their electronic band structure [1] [2] [3] . As illustrated in Fig. 1 , SW can be viewed semiclassically [4] as a disturbance in the local magnetic ordering in which localized magnetic moments start to precess around the easy axis with the phase of precession of adjacent moments varying harmonically in space over the wavelength λ. The quanta of energy of SW behave as a quasiparticle termed magnon carrying energy ω and spin . The frequency ω of the precession is commonly in GHz range of microwaves, but it can reach THz range in antiferromagnets [5] . The number of magnons measures deviation of a magnetic material from its perfect ordering in the ground state. The SWs can be excited in equilibrium as incoherent thermal fluctuations, which then reduce the total magnetization with increasing temperature. They can also be excited by external fields [6, [8] [9] [10] [11] [12] which leads to coherent propagation of SWs as a dispersive signal. The electron-magnon interaction can provide a glue for Copper pairs in magnon-mediated superconductivity [13] [14] [15] [16] . It can also lead to the formation of composite particles, such as magnetic polaron, via hybridization of electronic and magnonic states [17] [18] [19] [20] [21] .
Out of equilibrium, electron-magnon scattering is encountered in numerous phenomena in spintronics within magnetic layers or at their interfaces with layers of normal metals and insulators. For example, such processes * bnikolic@udel.edu FIG. 1. Schematic view of two-terminal devices where FM wire, modeled as 1D chain of atoms [7] , hosts SW comprised of ten localized magnetic moments precessing as classical vectors around the local easy axis direction with frequency ω and cone angle θ = 10 • [8], as well as with harmonic variation in the phase of precession of adjacent moments. The nanowire is attached to semi-infinite NM leads which terminate in macroscopic reservoirs. We consider three such setups: (a) no bias voltage is applied between the reservoirs; (b) small bias voltage V b is applied to inject unpolarized charge current into the wire, which is then spin-polarized by three fixed spins (red arrows); and (c) Lorentzian voltage pulse [22, 23] is applied between the reservoirs to inject "leviton" current pulse IR(t) into the wire carrying charge dt IR(t) = 2e.
can: increase resistivity of FM with temperature due to spin-flip scattering from thermal spin disorder [24, 25] ; play an essential role in the laser-induced ultrafast de- Fig. 1 (a) whose localized magnetic moments precess as a uniform mode with k = 0 in Eq. (1). The Fermi energy is chosen as EF = −1.6 eV and dc bias voltage is absent, V b ≡ 0. magnetization [26] ; generate nontrivial temperature and bias voltage dependence of tunneling magnetoresistance in magnetic tunnel junctions [27, 28] ; open inelastic conducting channels [29] ; contribute to spin-transfer [30, 31] and spin-orbit (SO) torque [32] ; and convert magnonic spin currents into electronic spin current or vice versa at magnetic-insulator/normal-metal interfaces [12, 33, 34] (which includes processes in the spin Seebeck effect where magnonic spin currents are excited by temperature gradients [35] ).
The nonequilibrium many-body perturbation theory [28, 34] , formulated using Feynman diagrams for nonequilibrium Green functions [36] , offers rigorous quantum-mechanical treatment of both electrons and magnons, once the original spin operators are mapped to the bosonic ones [37] . However, to ensure current conservation, one has to sum large classes of such diagrams [38] which can lead to errors due to missed vertex corrections [39] . Furthermore, due to small magnon bandwidth, small electron-magnon interaction constant J sd in the realm of electrons can become strongly correlated regime for magnons due to large ratio J sd /magnon-bandwidth. This can lead to quasibound states of magnons surrounded by electron-hole pairs [28] , therefore suggesting that complicated higher order diagrams should be evaluated. This severely limits system size in two-terminal geometries of Fig. 1 or time scale over which electronic spin and charge currents, or magnonic spin current, can be computed. We recall that both electron and magnons have intrinsic angular momenta, so that translational flow of these particles or quasiparticles, respectively, leads to a flux of angular momentum.
On the other hand, experiments [6, [8] [9] [10] exciting dipole or exchange dominated SWs are commonly interpreted using classical micromagnetics simulations [4] . In such a picture, SW is described by trajectories of classical vectors M i (t) of fixed (unit) length, pointing along the direction of localized magnetic moments, which precesses Fig. 1 (a) whose localized magnetic moments precess as coherent SW mode [46] with k = 0 in Eq. (1). (c) The SW with its nonuniform precessing magnetic moments also pumps steady charge currents IL = −IR into the NM leads. Panel (d) shows pumping of only spin currents, symmetrically into both leads I Sα L (t) = I Sα R (t), for the case of an insulating ferromagnetic wire generated by using γij = 0 for the hopping between tight-binding sites in Eq. (2) within the active region. The Fermi energy is chosen as EF = −1.6 eV and dc bias voltage
around an easy axis with frequency ω and precession cone angle θ, as illustrated in Fig. 1 . The cone angle has even been measured [8] as θ 10 • .
In this Rapid Communication, we employ recently developed multiscale time-dependent-quantumtransport/classical-micromagnetics formalism [40] [41] [42] to the problem of electron-SW interaction which makes possible treating large number of localized spins in experimentally relevant noncollinear configurations and over time scales reaching ∼ 1 ns. The formalism combines time-dependent nonequilibrium Green functions (TD-NEGF) [36, 43] description of electrons out of equilibrium in open systems, such as those illustrated in Fig. 1 , with the Landau-Lifshitz-Gilbert (LLG) equation describing classical dynamics of localized magnetic moments. The classical treatment of localized magnetic moments is justified [44] in the limit of large localized spins S → ∞ and → 0 (while S × → 1), as well as in the absence of entanglement between quantum state of localized spins (which otherwise causes change in their expectation value due to decoherence [45] ) as expected to be satisfied at room temperature.
In fact, since we assume that a single coherent SW has been excited externally, such as by microwave current flowing through narrow antennas [9] , we fix dynamics of localized magnetic moment M i (t) at site i of a onedimensional (1D) lattice to be the SW solution [4] of the Fig. 3 (c) and Fig. 3(a) , respectively. The dash-dot lines demonstrate that these dependences are linear ∝ ω in the GHz-THz frequency range for magnetization dynamics of realistic materials [5] .
LLG equation (for simplicity without damping)
:
Due to 1D geometry, the wavevector is just a number k = 2π/[a(N − 1)] = 2π/λ, while the discrete coordinate is x i = (i − 1)a and N = 10 is chosen as the total number of localized magnetic moments. Note that the uniform mode-which describes all magnetic moments precessing in-phase in magnetic materials driven by microwaves under the ferromagnetic resonance conditions [46] -is obtained simply by setting k = 0. Although 1D geometry is chosen for simplicity, and it appears at first sight like a toy model of a realistic three-dimensional FM layer, it has been actually realized experimentally as an artificial chain of (up to six) ferromagnetically coupled Fe atoms whose SWs were excited and detected using atomresolved inelastic tunneling spectroscopy in a scanning tunneling microscope [7] . The FM nanowire hosting such SW is an active region of devices in Fig. 1 , which is attached to two normal metal (NM) semi-infinite leads terminating into the macroscopic reservoirs. We use three different twoterminal geometries depicted Fig. 1: (a) no bias voltage V b is applied between the left (L) and right (R) reservoirs kept at the same chemical potential µ L = µ R ; (b) small dc bias voltage, eV b = µ L − µ R = 0.01 eV, is applied between the reservoirs to inject unpolarized charge current into the active region where electrons are spinpolarized by three static localized magnetic moments [red arrows in Fig. 1(b) ] pointing along the z-axis; and (c) the Lorentzian voltage pulse [22, 23] applied to the left NM lead injects a "leviton" current pulse I L (t) carrying charge dt I L (t) = 2e, which is then spin-polarized by the same three static localized magnetic moments as in (b).
The quantum Hamiltonian of electrons within the FM nanowire is chosen as 1D tight-binding model
with an additional sd exchange interaction of strength J sd = 0.5 eV between the spins of the conduction electrons, described by the vector of the Pauli matrices σ = (σ x ,σ y ,σ z ), and M i (t) from Eq. (1). Herê
which create an electron with spin σ =↑, ↓ at site i;ĉ i is a column vector containing the corresponding annihilation operators; and γ ij = 1 eV is the nearest-neighbor hopping. The NM leads are described by the same Hamiltonian as Eq.
(2) but with J sd ≡ 0. The fundamental quantity of nonequilibrium quantum statistical mechanics is the density matrix. The time-dependent one-particle density matrix can be expressed [43] , ρ neq (t) = G < (t, t)/i, in terms of the lesser Green function of TDNEGF formalism defined by G <,σσ
. is the nonequilibrium statistical average [36] . We solve a matrix integro-differential equation [47] i
for the time evolution of ρ neq (t) where H(t) is the matrix representation of Hamiltonian in Eq. (2). This can be viewed as an exact master equation for an open finite-size quantum system attached to macroscopic Fermi liquid reservoirs via semi-infinite NM leads that ensure continuous energy spectrum of the system. The Π p (t) matrices
are expressed in terms of the lesser and greater Green function and the corresponding selfenergies Σ >,< p (t, t ) [47] . They yield directly timedependent total charge, I p (t) = e Tr [Π p (t)], and spin, I Sα p (t) = e Tr [σ α Π p (t)], currents flowing into the lead p = L, R. Local currents [48] , or any other local quantity within the active region, are obtained by tracing the corresponding operator with ρ neq (t). We use the same units for charge and spin currents, defined as I p = I ↑ p + I ↓ p and I Sα p = I ↑ p − I ↓ p , in terms of spin-resolved charge currents I σ p . In our convention, positive current in NM lead p means charge or spin is flowing out of that lead. We build intuition step-by-step by first confirming standard spin pumping by the uniform mode [46, [49] [50] [51] , with k = 0 in Eq. (1) and no dc bias voltage applied, which then serves as a reference point for subsequent discussion. In this case, identical pure (i.e., not accompanied by any charge current) spin currents I Sα L (t) = I Sα R (t) are pumped into both leads, as shown in Fig. 2 . Their I Sz L = I Sz R components are time independent, and their negative sign shows that they flow into the NM leads, as Fig. 1(b) whose localized magnetic moments start to precess at t = 500 fs as a coherent SW with k = 0 in Eq. (1) in the presence of a flux of electrons injected into the active region by the external dc bias voltage eV b = 0.01 eV. The injected electrons become spinpolarized due to three fixed spins (red arrows) in Fig. 1(b) . obtained also in the scattering theory [46] , rotating frame approach [49] or Floquet-NEGF theory [50, 51] .
On the other hand, the excited SW in the setup of Fig. 1(a) pumps both spin and charge currents into the NM leads in the absence of any dc bias voltage. Their time dependences, I Sα p (t) and I p (t), are shown in Fig. 2 after transient currents have died out. Furthermore, in contrast to pumping by the uniform mode, |I Sz L | > |I Sz R |, which is due to spin current carried by the SW itself [12] . That is, spin current carried by the SW must be "transmuted" into electronic spin current at the FM-wire/NMleft-lead interface [10, 12, 42] since no localized magnetic moments exists in the NM lead to support transport of angular momentum via their dynamics. This currents is then added or subtracted to symmetrically pumped spin currents into the left or right NM leads, respectively. This interpretation is supported by the fact that changing the sign of k in Eq. (1) leads to a reversed situation, |I Sz L | < |I Sz R |. The charge pumping in spintronic devices with excited coherent SWs has been observed recently in the experiments on compressively strained (Ga,Mn)As bar [52] or YIG/graphene [9] heterostructures (where SWs are excited within YIG). However, both of these setups require the presence of SO coupling. In fact, SO coupling present directly at the interface of FM/NM heterostructures leads to pumping of charge current even for uniform mode of magnetization precession within the FM layer [28] . Thus, the charge pumping by SW in the ab- FIG. 6. Time-dependence of electronic spin currents I Sα R (t) in the right NM lead after unpolarized "leviton" is injected by the Lorentzian voltage pulse [22, 23] into the active region hosting: (a) three static localized magnetic moments (red arrows) along the z-axis, acting as spin-polarizer, followed by SW excited at t = 500 fs, as illustrated in Fig. 1(c) ; (b) three static localized magnetic moments and a "frozenin-time" SW excited at t = 500 fs. Panels (c) and (d) show time dependence of the charge current IR(t) corresponding to (a) and (b), respectively. In addition, panels (b) and (d) plot (dotted lines) time dependence of I Sα R (t) and IR(t), respectively, for the active region containing only the three static localized magnetic moments. The Fermi energy is chosen as EF = −1.6 eV. The solid lines in panels (a)-(d) are also animated as two movies provided in the SM [57] .
sence of any SO coupling predicted by Fig. 3 (c) appears to be a novel effect which calls for physical interpretation of its origin.
To assist such interpretation, we compute frequency dependence of pumped charge current I L [ Fig. 4(a) ], as well as of spin current I Sz L [ Fig. 4(b) ]. Both scale linearly in the physically relevant frequency range GHz-THz [5] . This is in contrast to, e.g., charge pumping by SW in YIG/graphene heterostructure where sizable effect is observed between 5 and 7 GHz only [9] . We recall that such linear scaling is in accord with the key requirementbreaking of left-right symmetry-for nonzero dc component of quantum charge pumping by a time-dependent potential [48, 53, 54] . This can be achieved by breaking inversion symmetry and/or time-reversal symmetry. In the adiabatic regime, quantum charge pumping requires both inversion and time-reversal symmetries to be broken dynamically, such as by two spatially separated potentials oscillating out-of-phase [53] , which leads toĪ p (t) ∝ ω (whereĀ is average over one period) at low frequencies. In the case of SW, it is the wave-like pattern of precessing localized magnetic moments which dynamically breaks the left-right symmetry in Fig. 1(a) , with respect to vertical plane positioned between moments localized at sites i = 5 and i = 6. In contrast, in the nonadiabatic regime only one of those two symmetries needs to be broken and this does not have to occur dy-namically. The DC component of the pumped current in the nonadiabatic regime is [54] Ī p (t) ∝ ω 2 at low frequencies as obtained in, e.g., the case of charge pumping by uniform mode across potential barrier that breaks the left-right symmetry of the device statically [49] .
In Fig. 3(d) we also examine pumping from NMlead/ferromagnetic-insulator/NM-lead setup, which is the same geometry as in Fig. 1(a) but with γ ij = 0 within the active region and γ ij = 0 in the NM leads or between the leads and the active region. In this case, only the two localized magnetic moments at the edges (i.e., those at sites i = 1 and i = 10) are coupled to conduction electrons and are pumping pure spin current in Fig. 3(d) , of similar magnitude as the uniform mode in Fig. 2 , while pumping of charge current is absent. Thus, this clarifies that charge and spin pumping driven by SW are obtained through interference of currents pumped by all localized magnetic moments, in the bulk and at the interface.
For the setup in Fig. 1(b) , we first establish (after some transient period not shown explicitly) steady charge current I R [flat line in Fig. 5 (c) for t < 500 fs] of electrons injected by dc bias voltage into 3 + 10 static localized magnetic moments oriented along the z-axis. This current also becomes spin-polarized due to their presence, as characterized by steady spin current I Sz R = 0 [flat line in Fig. 5(b) for t < 500 fs] and the corresponding spin-polarization P z = |I Sz R |/|I R | ≈ 50%. Then at t = 500 fs we suddenly excite SW composed of 10 precessing localized magnetic moments in Fig. 1(b are reduced compared to their values prior to SW excitation. This reduction is mostly due to charge and spin currents pumped in the direction right-NM-lead→left-NM-lead in Fig. 3 , which is opposite to the flow of originally injected charge and spin currents by dc bias voltage. Thus, outflowing spin and charge currents in the right NM lead can also be enhanced if we invert the sign of k in Eq. (1) and, therefore, the direction of SW propagation. Another reason for the reduction is backscattering of electrons by timedependent potential generated by SW, whose magnitude for charge current shown in Fig. 5 (c) we estimate using [I R (t < 500 fs) − I R (t > 500 fs) + I SW R ]/I R (t < 500 fs) to be less than 1%. Here I SW R denotes charge current pumped by SW in Fig. 3(c) .
Recent time-independent quantum transport calculations [25] of the resistance of FM have include "frozen magnons" as correlated spin disorder where localized spins are tilted away from the easy axis in accord with thermal population of magnon modes. To understand time-dependent effects missed in such calculations, we freeze localized magnetic moments by setting t = 0 in Eq. (1). The scattering from such "frozen-in-time" SW leads to much smaller current reduction in Fig. 5(d) .
Finally, in order to simulate single-electron-single-SW scattering, we inject pulsed current into the active region using the Lorentzian voltage pulse [47] , V L (t) = 2 τ /[(t − t 0 ) 2 − τ 2 ], where the pulse duration is τ = 7.5 /γ. As confirmed experimentally [55] , such special profile with e dt V L (t) = 2πn [56] driving the Fermi sea in the left reservoir ensures [22, 23] excitation of an integer number n of purely electronic states above the sea, without spurious electron-hole pairs and with minimal nonequilibrium noise in transfer across the active region. We use n = 2, so that injected unpolarized charge current pulse called "leviton" carries charge dt I L (t) = 2e. This can be viewed as minimalistic unpolarized current composed of one spin-↑ and one spin-↓ electron flowing together. Upon spin-polarization by three static localized magnetic moments in Fig. 1(c) , the "leviton" interacts with SW excited suddenly at t = 500 fs. After such interaction, "leviton" outflows into the right NM lead where its spin and charge currents are given in Figs. 6(a) and 6(c), respectively. For comparison, Figs. 6(b) and 6(d) plot spin and charge currents in the right NM lead, respectively, for a "leviton" interacting with "frozen-in-time" SW. Solid lines in Fig. 6 for both cases are animated as two movies in the Supplemental Material [57] . In addition, Figs. 6(b) and 6(d) also include (dotted lines) spin and charge current of "leviton" outflowing into the right NM lead when SW in Fig. 1(c) is removed from the active region. The integrals for outflowing spin-polarized "leviton" after scattering from SW in Figs. 6(a) and 6(c) are dt I Sz R (t) = 0.939e and dt I R (t) = 0.822e, respectively. They can be compared to dt I Sz R (t) = 0.944e and dt I R (t) = 0.827e in Figs. 6(b) and 6(d), respectively. Note that the the ratio of integrals of two dotted curves in Figs. 6(b) and 6(d) is P z = | dt I Sz R (t)|/| dt I R (t)| ≈ 40% which can be considered as the spin-polarization of "leviton" after passing through three static localized magnetic moments in Fig. 1(c) .
